The Drosophila PAR Domain Protein 1 (Pdp1) Gene Encodes Multiple Differentially Expressed mRNAs and Proteins through the Use of Multiple Enhancers and Promoters  by Reddy, Karen L. et al.
Developmental Biology 224, 401–414 (2000)
doi:10.1006/dbio.2000.9797, available online at http://www.idealibrary.com onThe Drosophila PAR Domain Protein 1 (Pdp1)
Gene Encodes Multiple Differentially Expressed
mRNAs and Proteins through the Use of Multiple
Enhancers and Promoters
Karen L. Reddy, Arthur Wohlwill, Svetlana Dzitoeva, Meei-Hua Lin,
Scott Holbrook, and Robert V. Storti1
Department of Biochemistry and Molecular Biology M/C536, University of Illinois College
of Medicine, Chicago, Illinois 60612
Transcription factors are often expressed at several times and in multiple tissues during development and regulate diverse
sets of downstream target genes by varying their combinatorial interactions with other transcription factors. The
Drosophila Tropomyosin I (TmI) gene is regulated by a complex of proteins within the enhancer that synergistically
interacts with MEF2 to activate TmI transcription as muscle cells fuse and differentiate. One of the components of this
complex is PDP1 (PAR domain protein 1), a basic leucine zipper transcription factor that is highly homologous to three
vertebrate genes that are members of the PAR domain subfamily. We have isolated and describe here the structure of the
Pdp1 gene. The Pdp1 gene is complex, containing at least four transcriptional start sites and producing at least six different
mRNAs and PDP1 isoforms. Five of the PDP1 isoforms differ by the substitution or insertion of amino acids at or near the
N-terminal of the protein. At least three of these alternately spliced transcripts are differentially expressed in different
tissues of the developing embryo in which PDP1 expression is correlated with the differentiation of different cell types. A
sixth isoform is produced by splicing out part of the PAR and basic DNA binding domains, and DNA binding and transient
transfection experiments suggest that it functions as a dominant negative inhibitor of transcription. Furthermore, two
enhancers have been identified within the gene that express in the somatic mesodermal precursors to body wall muscles and
fat body and together direct expression in other tissues that closely mimics that of the endogenous gene. These results show
that Pdp1 is widely expressed, including in muscle, fat, and gut precursors, and is likely involved in the transcriptional
control of different developmental pathways through the use of differentially expressed PDP1 isoforms. Furthermore, the
similarities between Pdp1 and the other PAR domain genes suggest that Pdp1 is the homologue of the vertebrate
genes. © 2000 Academic Press
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Gene transcription is typically regulated by the interac-
tion of multiple enhancers, each of which may contain the
binding sites for multiple transcription factors. In some
cases these factors are tissue-specific; however, frequently
they are widely expressed in many cell-types throughout
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All rights of reproduction in any form reserved.he organism and at multiple times during development.
hus, it is often the unique combinatorial interactions of
hese and other factors within and among enhancers result-
ng in synergistic or competitive effects that regulate tissue-
pecific expression through mechanisms that are still un-
lear. The Drosophila Tropomyosin I (TmI) gene contains
wo enhancers within the first intron of the gene that
llustrate these interactions (Gremke et al., 1993; Schultz et
l., 1991). The transcriptional activity of the proximal
nhancer is regulated by the synergistic interaction of the
ranscription factor MEF2 and a muscle activator (MA)
omplex of proteins that binds to an approximately 60-bp
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402 Reddy et al.region within the enhancer (Lin and Storti, 1997). The MA
complex alone can activate basal level muscle-specific
reporter gene expression at the onset of myoblast fusion in
stage 12 embryos; however, interaction with MEF2 is re-
quired for high level muscle expression (Lin et al., 1996).
MEF2 alone has no transcriptional activity.
One of the components of the MA complex represents a
newly identified class of protein in Drosophila that we
amed PDP1 (PAR domain protein 1) (Lin et al., 1997).
DP1 is a basic domain leucine zipper (bZIP) transcription
actor that is homologous to a subfamily of three vertebrate
ZIP transcription factors called the PAR subfamily (see
ig. 3 in Lin et al., 1997). This subfamily includes HLF
human hepatic leukemia factor) (Hunger et al., 1996),
BP/TEF (chicken vitellogenin protein/rat thyrotrophic fac-
or) (Drolet et al., 1991; Iyer et al., 1991; Xu et al., 1998), and
DBP (rat albumin D-box binding protein) (Mueller et al.,
1990). The PAR subfamily is characterized by having addi-
tional homology over an approximately 48-amino-acid re-
gion preceding and adjacent to the basic region domain that
is proline- and acidic amino acid-rich (PAR). The function
of the PAR domain is not known. PAR domain proteins can
bind DNA as homodimers or heterodimers with other PAR
proteins; however, their ability to form heterodimers with
bZIP or other proteins has not been rigorously investigated
(Falvey et al., 1997). PDP1 binds to the sequence ATTTT-
GTAAC in the MA region of the TmI enhancer, which
matches the consensus-binding site determined for the
vertebrate PAR domain proteins (Haas et al., 1995; Hunger
et al., 1994; Drolet et al., 1991).
The PAR protein genes in vertebrates have not been
extensively investigated; however, those that have encode
multiple protein isoforms by using a combination of alter-
nate promoters and alternate splicing. The VBP and HLF
genes, for instance, are each transcribed from two alterna-
tive promoters and encode two and four alternatively
spliced RNAs and protein isoforms, respectively (Falvey et
al., 1997; Burch and Davis, 1994). Furthermore, each shows
differential expression in several different tissues and cell
types in the embryonic and adult stages of development,
suggesting that they may regulate transcription in different
cell-types through unique combinatorial interactions with
other factors. However, little is known about the role(s) of
the PAR domain genes in these different tissues during
embryogenesis or in the adult. Similar to the vertebrate
PAR genes, Pdp1 is also expressed in a variety of tissues
during embryonic development of the fly, suggesting that
its ability to regulate different target genes in different
tissues is also dictated by unique combinatorial interac-
tions with other transcription factors as it is in muscle. In
this report we describe the structure of the Pdp1 gene and
show that, similar to the vertebrate genes, it contains
multiple promoters and alternately spliced transcripts.
Moreover, one of the encoded proteins has properties of a
dominant negative inhibitor and at least three others are
differentially expressed in the developing embryo, suggest-
ing that they function differently to modulate transcrip- P
Copyright © 2000 by Academic Press. All righttional activity. Our data indicate that Pdp1 is the only PAR
domain gene in Drosophila and the similarities between
Pdp1 and the vertebrate PAR domain genes lead us to
suggest that Pdp1 is the homologue of the vertebrate genes.
METHODS
Isolation and Cloning of PDP1 cDNAs
The PDP1-a cDNA has been described (Lin et al., 1997). Addi-
tional PDP1 cDNA clones were obtained by screening a Drosophila
embryonic lgt10 library (obtained from Dr. Tom Kornberg) as
described previously (Hanke and Storti, 1988) and a Drosophila
embryonic plasmid DNA library (Brown and Kafatos, 1988). In
addition, two different partial cDNA clones that had sequence
identity to the common exon 6 in the gene were identified through
the Berkeley Drosophila Genome Project (BDGP). One of these
cDNAs, PDP1-«, was isolated from an adult head (HL01218) and
ovary (GM06388) cDNA library. The second Berkeley cDNA clone,
PDP1-f, was also isolated from the adult head library (HL02775).
Neither clone, however, appeared to be full length since they did
not have transcriptional leader sequences in their cDNAs. Further-
more, the open reading frame of each clone could be extended
upstream into genomic sequence to a conceptual AUG transla-
tional start codon as indicated in Fig. 2. We have not attempted to
isolate full-length cDNAs for these transcripts. The P1 clones used
to map the Pdp1 gene, shown in Fig. 1, were obtained from the
BDGP. The structure of Pdp1 was determined by a combination of
Southern blotting, PCR, and DNA sequencing. The first exon
(PDP1-g exon) is located within a 15-kb EcoRI fragment of the P1
clone 0279, which overlaps the P1 clone 3121. Its position within
the fragment has not been determined; however, based on sequence
data from the BDGP and Celera (Rockville, MD), we estimate the
distance between the first and the second exons at approximately
15 kb. DNA sequencing was done by the dideoxy sequencing
method using the commercially available double-stranded cycle
sequencing system (Gibco BRL) or by the UIC DNA sequencing
facility. Also, during this study, additional sequences become
available through the sequencing of BAC library clones by the
BDGP.
In Vitro Production of PDP1 Isoforms and Gel-
Retardation Analysis
To generate PDP1-a, and -d protein expression plasmids, primers
t the 59 end of the PDP1 cDNA coding sequence (59-
CGTCGACCAACACTGATCGAAACT-39) containing a SalI site
nd in the 39 noncoding region of the mRNA (59-
GTCTAGAGTGTCCTCAGGCCAAGTCAC-39) containing an
baI site were used to amplify the coding region by PCR. The PCR
roducts encoding the PDP1 proteins were cloned into the pSPUTK
n vitro transcription/translation vector (Stratagene). The PDP1-g
cDNA plasmid clone was isolated from the Brown–Kafatos cDNA
library, which was already transcription/translation competent.
The wheat germ-derived in vitro transcription/translation kit (Pro-
mega Corp.) was used to synthesize in vitro-translated protein as
described (Lin et al., 1997). The in vitro-translated products were
labeled with [35S]methionine and assayed by SDS–polyacrylamide
el electrophoresis. The synthesized products corresponded in size
o the predicted sizes of the PDP1 proteins and cross-reacted with
DP1 antibody upon Western blot analysis.
s of reproduction in any form reserved.
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403Drosophila Pdp1 Gene Structure, Expression, RegulationGel-retardation analysis was performed as described previously
(Lin et al., 1997). The sequence of [g-32P]ATP-labeled oligonucleo-
ide used for the gel retardation was TATAAGGAATTTTGTAAC-
TAAA (oligo 2 in Lin et al., 1997). The PDP1 binding site is
nderlined. The DNA binding reactions, modified from Parmacek
t al. (1994), contained 1 3 105 cpm of oligonucleotide probe, 1–2 ml
of in vitro-translated protein, 1 mg of poly(dI z dC), and binding
uffer in a total of 20 ml. After 20 min of incubation at room
emperature, 10 ml of reaction volume was loaded onto an 8%
olyacrylamide gel in 0.253 TBE. The electrophoresis was carried
ut at 4°C at 15 mA.
Transient Transfection Analysis of PDP1-d
Transfection experiments were performed as described previ-
ously (Lin et al., 1997), except that the calcium phosphate method
was used for transfection of human osteosarcoma (Saos-2) cells
instead of hepatoma (HepG2) cells used previously. The PDP1
reporter construct (63 PDP1 CAT) consisted of three tandemly
repeated copies of the 23 PDP1 oligonucleotide (59-
GATCTGGAATTTTGTAACTAGGAATTTTGTAACG-39, PDP1
sites underlined) ligated into the TATA box CAT reporter vector
(BCAT) obtained from P. Raychauduri. The PDP1-d cDNA was
loned in frame into a pCMV expression vector as was done
reviously for the PDP1-a cDNA (Lin et al., 1997). PDP1-a trans-
ections were performed at 50 ng of DNA per 80-mm plate.
ytoplasmic extracts were made from cells 48 h after transfection
nd CAT enzyme assays were performed by the xylene extraction
ethod as described (Seed and Sheen, 1988). Each experiment was
ontrolled for transfection efficiency by cotransfection of a pCMV-
b-galactosidase expression plasmid and the result was normalized
for transfection efficiency.
Western Blot Analysis
Western blot analysis was performed according to Sambrook et
l. (1989). Drosophila embryonic nuclear extracts were prepared
from isolated nuclei as described previously (Lin and Storti, 1997).
The PDP1-a protein was used as antigen for making antibody and
was produced by cloning the PDP1-a cDNA into the pQE 63
histidine bacterial expression vector (Qiagen) to produce the
63His-tagged PDP1 fusion protein. The 63His-tagged protein was
purified by Ni–NTA affinity column chromatography according to
the manufacturer (Qiagen). The rabbit polyclonal antibody was
commercially made by Covance Research Products, Inc. (Denver,
CO).
P-Element-Mediated Transformation and
Generation of Homozygous Transformed Fly Lines
The P-element pP(CaSpeR-AUG-bgal) reporter gene plasmid was
sed to determine enhancer activity of Pdp1 restriction fragments.
he first-intron 4.4-kb EcoRI and second-intron 11-kb BglII–BamHI
estriction fragments were cloned into the multiple cloning region of
he vector, and transformation into the white2 flies has been de-
cribed (Gremke et al., 1993). Three to five independently trans-
ormed lines were obtained for each construct. Transformed embryos
ere assayed for enhancer activity by whole-mount in situ hybridiza-ion using digoxigenin-labeled antisense b-galactosidase RNA.
Copyright © 2000 by Academic Press. All rightPdp1 Whole-Mount Embryo in Situ Hybridization
and PDP1 Immunohistochemistry
Digoxigenin-labeled antisense RNA probes was made from PDP1-a
cDNA. The PDP1-a cDNA, cloned into pGEM3zf(1), contains the
entire coding sequence for this isoform and includes the last four
exons that are common to all of the isoforms. Unique isoform-specific
exons were subcloned by amplifying each exon using PCR and
primers specific to each exon. For the b and « exon probes, exon-
pecific primers contained a restriction site to facilitate cloning into
GEM3zf(1). For the a/b/d exon probe, the PCR product was cloned
directly into pGEMT. For making the digoxigenin-labeled antisense
RNA probes, the DNA was linearized at the 59 end of the insert and
either the T7 (PDP1-a/b/d and b exons) or the SP6 (« exon) promoter
from the vector was used for in vitro transcription. Dig-11–UTP
(Boehringer Mannheim) was incorporated into the probes as a hapten
for antibody recognition. The PDP-a full-length probe is approxi-
mately 3 kb, the a/b/d exon probe is 200 bp, the b exon probe is 100
bp, and the « exon probe is 398 bp.
Whole-mount in situ hybridizations were performed as described
previously (Lin et al., 1997). Following the hybridization and
washings, the embryos were incubated with 1:2000 a-digoxigenin
antibody conjugated to alkaline phosphatase (Boehringer Mann-
heim) for 1 h at room temperature. Embryos were then washed 4 3
30 min in PBT at room temperature. Color development with
BCIP/NBT was for 15 min for PDP1-a full-length probe and 100
min for the isoform-specific exon probes. Reactions were stopped
with several washes of PBT followed by a 20-min wash with 0.2 M
glycine, pH 2.2. The antibody for whole-mount analysis of protein
was affinity purified using the 63His PDP-a fusion protein. Immu-
ostaining of embryos with anti-PDP1 was performed according to
oshizaki et al. (1994).
RESULTS
Structure of the Pdp1 and Alternately Spliced
mRNAs
The Pdp1 gene was mapped to the 66A region of the third
hromosome by in situ chromosomal hybridization. Using
a series of P1 clones and deficiencies in the region, we
mapped the gene to the 66A14–15 and determined its
genomic structure. The original PDP1 cDNA (PDP1-a
cDNA as defined in this study) was used to screen two
different embryonic cDNA libraries (Lin et al., 1997, Brown
nd Kafatos, 1988). Four alternately spliced cDNAs were
solated from these library screens. In addition, two other
lternately spliced PDP1 cDNAs (PDP1-« and PDP1-f) were
identified in screens of adult head and ovary libraries (see
Methods). Each of the cDNAs was mapped to the corre-
sponding P1 and genomic DNA to generate the structure of
the Pdp1 gene (Fig. 1). The Pdp1 gene spans approximately
45 kb of DNA. There are nine exons in the gene. Unlike the
vertebrate PAR genes, the intron/exon splice sties of Pdp1
do not delineate the PAR, basic, and leucine zipper domains
within the protein (Falvey et al., 1997; Burch and Davis,
1994). The locations and arrangements of the exons indicate
that there are at least two and possibly four transcriptional
start sites. The PDP1-« and PDP1-f cDNAs are not full
length and could conceivably splice to upstream exons and
s of reproduction in any form reserved.
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transcription. The PDP1-a and -g cDNAs end in poly(A)
sequences just downstream from consensus polyadenyla-
tion signals and are probably cleavage sites used in vivo.
The other cDNAs ended in short poly(A) sequences that
occurred in the 39 UTR that are not associated with a
consensus polyadenylation signal and probably result from
alternative priming of the reverse transcriptase in making
FIG. 1. Structure of the Pdp1 gene and alternately spliced transc
Berkeley Drosophila genome project aligned within the 66A chrom
their approximate positions (not to scale) are indicated. All of the
did not hybridize to the unshaded P1 clones. The gene, drawn appro
The coding regions of the exons are indicated by black boxes and th
regions are open. The four rightward arrows depict the start sites o
cleavage sites. The cDNAs corresponding to the b and d mRNAs w
reflect the 39 end of the mRNAs. The 39 ends of the « and f mRNA
All exons and all or portions of most of the introns have been seque
be found under Accession No. AF172407. The cDNAs can be fou
AF172406, and AF209903.the libraries. a
Copyright © 2000 by Academic Press. All rightSix PDP1 Isoforms Are Encoded by the Pdp1 Gene
Three of the six PDP1 isoforms (a, b, and d) have a
common amino-terminal peptide while the PDP1-g, -«, and
f proteins have unique amino-terminal peptides spliced to
he common carboxy-terminal domains of the protein en-
oded by exons 5–8 in the gene. The common exons encode
he putative transcriptional activation domain and the PAR
. The top depicts the arrangement of P1 clones obtained from the
al region. The Pdp1 gene hybridized to the P1 clones in black and
gene except for exon 1 is located within the 3121 P1 clone. Pdp1
ately to scale, contains nine exons and spans approximately 45 kb.
mber of amino acids encoded by each is indicated. The noncoding
nscription. The downward arrows depict the polyadenylation and
rimed from internal poly(A) in the 39 UTR as indicated and do not
also uncertain. The six alternately spliced mRNAs are indicated.
. The Pdp1 gene sequence has been submitted to GenBank and can
der Accession Nos. AF172402, AF172403, AF172404, AF172405,ripts
osom
Pdp1
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nd unnd bZIP domains (Fig. 2). The role of the alternately
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domain proteins has not been investigated and the amino
acid sequences of the unique a and g ends do not show any
unusual features. The amino-terminal peptides of the « and
f isoforms, on the other hand, are considerably larger than
the others and have large clusters of asparagines and glu-
tamines. Accordingly, this region is very hydrophilic and
likely to reside on the surface of the protein and could be
subject to protein modification. Also, some transcriptional
activation domains have high asparagine and glutamine
content. The location of the « and f exons adjacent to each
FIG. 2. PDP1 protein isoforms. (A) The amino acid sequence of ea
he unique amino-terminal domains for each of the PDP1 isoform
ommon domains is at the bottom of A as indicated. The positions
and B. The alternate splicing of PDP1-d results in the deletion of
of the extended basic domain. The ligated splice junction of PDP1
cale) of PDP1 proteins showing their unique peptides and the com
he vertebrate proteins.other and the similarity of their sequences suggests that
Copyright © 2000 by Academic Press. All righthey may have arisen through duplication. The PDP1-b
protein is produced by insertion of an additional 14 amino
acids between the amino-terminal a peptide and the com-
mon portion of the protein.
The PDP1-d isoform is produced by alternate splicing of
exon 7 to an internal splice site of exon 8. This results in an
in-frame removal of the last 28 amino acids of the 48-
amino-acid PAR domain and the first 12 amino acids of the
38-amino-acid basic domain. The 12-amino-acid basic re-
gion that is spliced out does not contain the core DNA
binding domain; however, it does contain the extended
the PDP1 isoforms as deduced from the cDNA sequence is shown.
e shown in the top half of A and the amino acid sequence of the
splice junctions are indicated with downward arrowheads in both
st 28 amino acids of the PAR domain and the KKSRK amino acids
eates a new codon encoding asparagine (N). (B) Schematic (not to
domains and their presumed functions indicated as deduced fromch of
s ar
of the
the la
-d cr
monbasic region amino acids KKSRK. The extended basic se-
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightquence is highly conserved in all PAR proteins and has been
shown to influence DNA binding specificity, suggesting
that PDP1-d may have altered DNA binding properties
(Haas et al., 1995; Hunger et al., 1994; Drolet et al., 1991).
PDP1-d Acts as a Dominant Negative Inhibitor of
NA Binding and Transcriptional Activation
The PDP1-a isoform was isolated by its binding to the
equence ATTTTGTAAC in the MA region of the TmI
nhancer. This sequence matches the consensus DNA
inding site determined for the vertebrate PAR domain
roteins (Haas et al., 1995; Hunger et al., 1994; Drolet et al.,
991). Mutations in this sequence reduce or inhibit PDP1
inding and eliminate MA enhancer activity (Lin et al.,
997). Accordingly, we were interested in determining
hether the different N-terminal amino acids alter DNA
inding and, in particular, whether the DNA binding of the
d isoform is affected by deleting part of the PAR domain and
he extended basic amino acids. We chose the PDP1-a, -g,
and -d isoforms for these studies and used in vitro
transcription–translation to express protein and gel retarda-
tion to assay PDP1 binding to DNA. To ensure the fidelity
of the in vitro translation products, we used an antibody
made against the PDP1-a protein that recognizes all three
soforms in Western blot to analyze the products made.
igure 3A, lanes a, g, and d, show that the clones produced
approximately equal amounts of in vitro cross-reacting
PDP1 protein of the expected size. Figure 3B shows that the
PDP1-a and -g proteins bind the oligonucleotide containing
he consensus binding site to approximately the same
xtent (lanes 2 and 3, respectively). This binding has been
hown previously to be specific (Lin et al., 1997) and both
roducts are supershifted when PDP1 antibody is added
translation reaction mixed with the oligonucleotide, lane 2 is
extract containing PDP1-a protein mixed with the oligonucleotide,
ane 3 is extract with PDP1-g added, lane 4 is extract with PDP1-d
added, lane 5 is the cotranscription/translation at a 1:1 ratio of
PDP1-a and PDP1-d protein at one-half the concentration mixed
ith the oligonucleotide, lane 6 is the cotranscription/translation
t a 1:2 ratio of PDP1-a and PDP1-d protein at one-half the
oncentration mixed with oligonucleotide, and lane 7 is the
otranscription/translation at a 1:1 ratio of PDP1-a and PDP1-d
protein at the same concentration as the transcription and transla-
tion in a and d proteins mixed with the oligonucleotide. Lanes 8
nd 9 contain a 1:1 mixture of PDP1-a and PDP1-d extracts and a
1:2 mixture containing PDP1-a and PDP1-d extracts, respectively.
Each was transcribed and translated separately before mixing. The
arrow indicates the PDP1 shifted product. The minor band in lanes
1, 4, 6, and 7 is endogenous to the wheat germ extract and migrates
slightly faster than the shifted PDP1 directed bands. (C) The
inhibition of transcriptional activation of the 63 PDP1-CAT re-
porter gene by the Pdp1-a gene when cotransfected with increasing
amounts of a PDP1-d-expressing plasmid into human osteosarcomaFIG. 3. PDP1-d inhibits DNA binding and transcription. (A)
Western blot analysis of in vitro-transcribed and -translated PDP1
protein. The lanes labeled a, g, and d show a Western blot of the in
itro-translated products of the PDP1-a, g, and d cDNAs. The
major products of the translations indicated by the arrows are about
equal in amounts and correspond to the estimated molecular
weights of the different proteins (approximately 25–29 kDa). The
small amount of higher molecular weight product in each lane is
not present in extracts that have not had DNA added and probably
represents PDP1 protein modified by the extract or PDP1 protein
translated from an upstream translation start site in the vector. The
three lanes to the right are Western blots of the products of
cotranscription and cotranslation of the PDP1-a and -d cDNAs.
The PDP1-a and PDP1-d cDNAs were cotranscribed and cotrans-
ated at a 1:1 ratio and 1:2 of cDNA input at one-half the
oncentration of input DNA as the transcription and translation in
he a and d lanes and at a 1:1 ratio of the PDP1-a and PDP1-d
cDNAs cotranscribed and cotranslated at the same (13) DNA
concentration as the transcription and translation in the a and d
lanes. The difference in the amount of a and d products in this
atter reaction may be due to transcriptional or translational
ompetition at the higher cDNA input concentrations. (B) Gel-
etardation determination of PDP1 isoform binding to DNA. LaneSaos-2) cells.
s of reproduction in any form reserved.
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407Drosophila Pdp1 Gene Structure, Expression, Regulationbefore electrophoresis (not shown). Somewhat surprisingly,
the PDP1-d protein did not show any detectable binding to
NA oligonucleotide above background (lane 4) nor to
ther oligonucleotides used previously to assess PDP1 bind-
ng (Lin et al., 1997). The light band in lanes 1 and 4 is an
ndogenous product of the wheat germ extract and migrates
lightly faster than the PDP1 products.
Some transcription factors that have an altered DNA
inding domain can form heterodimers that inhibit DNA
inding (Lopez, 1995; Benezra et al., 1990). Since vertebrate
AR domain proteins bind DNA as homo- and/or het-
rodimers, we decided to test the possibility that PDP1-d
might function as a dominant negative inhibitor of DNA
binding by forming inactive heterodimers. Different
amounts of PDP1-d and PDP1-a translation reactions were
ixed before being added to the DNA binding reaction.
ddition of PDP1-d to PDP1-a did not inhibit PDP1-a
binding to DNA at the concentrations tested (Fig. 3B, lanes
8 and 9). We were concerned, however, with the possibility
that the PDP1-a and/or PDP1-d translation products might
have formed stable homodimers before mixing and subse-
quently be unable to form heterodimers. We, therefore,
cotranscribed/cotranslated PDP1-a and PDP1-d under dif-
erent concentrations, expecting that they might now be
ree to form heterodimers. Figure 3A shows that approxi-
ately equal amounts of PDP1-a and PDP1-d was made at
he lower cDNA concentrations (123). When the products of
these reactions at 123 were tested for DNA binding by gel
retardation, little or no PDP1-a binding to DNA was
detectable above background (Fig. 3, lanes 5–7). We con-
clude that PDP1-d can interact with PDP1-a to inhibit its
inding to DNA.
Since PDP1-d inhibited DNA binding of the PDP1-a
isoform, we decided to test whether it might also inhibit its
ability to activate transcription in vivo. To test this, the
PDP1-a isoform, which has been shown previously to
ctivate transcription of a reporter plasmid in transient
ransfection assays (Lin et al., 1997), was cotransfected with
ncreasing amounts of a plasmid expressing the PDP1-d
isoform. The results in Fig. 3C show that increasing con-
centrations of PDP1-d result in increased inhibition of
DP1-a activation of the reporter plasmid. Indeed, a 10-fold
increase of PDP1-d resulted in over 80% inhibition of
DP1-a activation of the reporter plasmid. Thus PDP1-d
can function as a dominant negative inhibitor of transcrip-
tion, probably by forming heterodimers with the other
PDP1 isoforms and preventing their binding to DNA.
Expression of Pdp1 mRNA and Protein during
Embryogenesis
We reported previously that Pdp1 RNA is expressed in
the somatic mesoderm that gives rise to the body wall and
pharyngeal muscles and fat body; the developing foregut,
midgut, hindgut, and Malpighian tubules; and the epider-
mis (Lin et al., 1997). The synthesis and accumulation of
mRNA do not necessarily ensure the synthesis of protein,
Copyright © 2000 by Academic Press. All righthowever. Accordingly, we were interested in determining
whether PDP1 protein correlates with the pattern of Pdp1
mRNA and have used PDP1-a antibody in whole-mount
embryo analysis to determine its expression pattern. PDP1
protein is detected in stage 10 embryos in the cephalic
mesoderm, the endoderm of the developing anterior and
posterior midgut, and the segmented mesoderm of the
extended germ band that will give rise to the fat body and
somatic body wall muscles (Fig. 4A). The cephalic meso-
derm staining gives rise to the pharyngeal muscles as seen
in the stage 14 embryo in Fig. 4C. The somatic mesoderm
develops into the fat body and body wall muscles seen in
Fig. 4B, and at higher magnification PDP1 protein can be
seen in their nuclei (Fig. 4F). PDP1 expression in the
developing gut includes the esophagus (out of focus in Figs.
4B and 4C), the midgut (Fig. 4C), and the hindgut (Figs. 4C
and 4D). PDP1 is also expressed in Malpighian tubules (Fig.
4D). This pattern of PDP1 protein expression coincides
precisely with the expression of Pdp1 RNA (Lin et al.,
1997). The expression of PDP1 protein in the midgut is
better resolved than in the RNA studies. Initially, PDP1 is
expressed uniformly throughout the midgut in stage 11 and
up to early stage 13 (not shown) as it develops. The pattern
of PDP1 expression, however, very quickly becomes re-
stricted in stage 14 embryos to the anterior portion of the
midgut that gives rise to developing gastric caeca (Figs. 5B
and 5C), the large nuclei of the basophilic cells of the
second (middle) midgut lobe (Figs. 5B and 5C), and the cells
of the fourth (posterior) midgut lobe (Figs. 5B and 5C). The
basophilic cells of the middle midgut differentiate to form
the interstitial and copper cells of the late embryo and larva.
The timing and pattern of PDP1 protein in the different
regions of the gut suggest that PDP1 may play a fundamen-
tal role in their differentiation. We also detected low
amounts of PDP1 protein in the brain and nuclei of cells of
the central nervous system (Figs. 5E and 5F), which was not
observed previously in our RNA expression studies.
Differential Expression of Pdp1 Alternately Spliced
mRNAs
The Pdp1 gene encodes multiple proteins and raises the
possibility that they may be differentially expressed and
have unique functions. Since isoform-specific antibodies
are not available, we subcloned the alternately spliced
exons and used each in whole-mount in situ hybridization.
The sizes of the alternately spliced exon probes, however,
are between 3 and 14% of the size of the Pdp1-a antisense
probe used in our previous analyses (Lin et al., 1997) and as
a result we were not able to detect hybridization under the
usual conditions. We determined, however, that we could
extend the alkaline phosphatase color reaction for this
analysis from the usual 10–15 min to over 1 h without
significantly increasing the background staining of the
embryos and in so doing increase the limit of detection.
The largest of the alternately spliced exon probes avail-
able (exon 3) is the 395-nt Pdp1-« antisense probe. Using
s of reproduction in any form reserved.
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color reaction in the usual 10–15 min; however, after 90
min we detected hybridization in the central nervous sys-
tem and the brain of stage 13–14 embryos (Figs. 5D and 5H).
We had not previously observed this hybridization with the
entire Pdp1-a probe containing the common exons under
the shorter development times although low levels of PDP1
protein are detected in a subset of cells in the central
nervous system and brain using the PDP1 antibody (Fig. 4E).
These results indicate that Pdp1-« mRNA is expressed at a
significantly lower level than total Pdp1 RNA.
FIG. 4. Expression of PDP1 protein in embryos. (A) A Horizontal
(C) a dorsal view of a stage 15 embryo. Note the forming second
dissected stage 13 embryo showing the developing Malpighian tu
magnification showing a metameric pattern of PDP1 protein in th
stage 16 embryo showing PDP1 protein in the nuclei (arrows) of
mesoderm; amg, anterior midgut; pmg, posterior midgut; gc, gastric
pharyngeal muscles; hg, hindgut; mt, Malpighian tubules.
FIG. 5. Expression of PDP1 alternately spliced RNA in embryos. T
are referenced in the schematic of the first five exons of the Pdp1 g
G) stage 14, ventral; (D and H) stage 13, horizontal, and 14, ventra
2nd, second midgut constriction; fb, fat body; amg, anterior midg
muscle; sm, somatic body wall muscle.
FIG. 6. Enhancers regulating Pdp1 expression. The locations of
embryos were assayed for transgene expression by whole-mount in
re horizontal view and anterior to the right except the stage 14 e
idgut; sms, somatic mesoderm; phm, pharyngeal muscles; hg, hin
constrictions, respectively; fb, fat body; sms (fb), somatic mesoderm
to rise to body wall muscles; sm, somatic muscle; cms, cephalic mesode
Copyright © 2000 by Academic Press. All rightThe a/b/d common second exon probe is 200 bp and
relatively strong hybridization could be observed after 90
min of development. Indeed, the pattern of expression
depicted by this exon 2 probe closely resembled the expres-
sion pattern observed for the entire PDP1-a cDNA clone,
which represents all Pdp1 mRNAs. Hybridization was
observed in the developing anterior and posterior midgut
rudiments of stage 11 embryos (Fig. 5A) and the elongated
midguts of stage 12 and 13 embryos (Fig. 5B), and later
expression was seen in the gastric caeca and the anterior
and posterior midgut (Fig. 5C). Hybridization could also be
of a stage 11 embryo, (B) a ventral view of a stage 14 embryo, and
ut construction (arrow in C). (D) A horizontal view of a partially
s and hindgut. (E) A ventral view of a stage 15 embryo at high
lei (arrows) of cells in the central nervous system. (F) A dissected
s in the central nervous system and in the brain. cms, cephalic
ca; bc, basophilic cells; fb, fat body; sms, somatic mesoderm; phm,
robes used for whole-mount in situ hybridization are indicated and
(A and E) Stage 11, horizontal; (B and F) stage12, horizontal; (C and
pectively. br, brain; cns, central nervous system; gc, gastric caeca;
mg, posterior midgut; mg, midgut; hg, hindgut; phm, pharyngeal
4.4- and 11-kb intron enhancer are diagramed as indicated. The
hybridization using antisense b-galactosidase mRNA. All embryos
os, which are ventral views. amg, anterior midgut; pmg posterior
; mt, Malpighian tubules; 1stmg and 4thmg, first and fourth midgut
ursors to rise to fat body; sms (bwm), somatic mesoderm precursorsview
midg
bule
e nuc
cell
caehe p
ene.
l, res
ut; p
the
situ
mbry
dgut
precrm; dm, dorsal body wall muscles; vm, ventral body wall muscles.
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410 Reddy et al.detected in the hindgut and Malpighian tubules and in the
pharyngeal and body wall muscles (Figs. 5B and 5C).
Similar to the other antisense probes, no hybridization of
the 95-nt Pdp1-g antisense probe was detected after the usual
10–15 min of development; however, after 90 min we could
detect hybridization in the developing midgut of stage 11 and
12 embryos (Figs. 5E and 5F). By stage 13, Pdp1-g mRNA could
be seen in the developing gastric caeca, middle midgut, Mal-
pighian tubules (Fig. 5F), and fat body (Fig. 5G). In addition, we
occasionally observed barely detectable hybridization in the
pharyngeal muscles but not the body wall muscles. However,
because the body wall muscles are adjacent and peripheral to
the fat body and because the hybridization signal is low, it is
not possible to rule out low-level expression in the body wall
muscles. We were not able to detect hybridization using the
30-nt Pdp1-b specific probe, probably because the probe is too
small. Expression of the Pdp1-f (exon 4) mRNA in embryos
ould not be detected by PCR and thus was not hybridized to
hole-mount embryos. Since the PDP1-f cDNA was isolated
from an adult library, its expression may be limited to adult
tissues.
First- and Second-Intron Enhancers Regulate Pdp1
Expression in Muscle, Fat Body, and Gut
Precursors
The pattern of Pdp1 mRNA accumulation in the devel-
oping embryo suggests that the transcriptional regulation of
Pdp1 is likely to be controlled by multiple cis-acting
elements distributed over several kilobases of DNA. Ac-
cordingly, we have begun to identify gene fragments that
contain enhancers regulating Pdp1 expression. Of the re-
striction fragments tested, two contain enhancer activity
that closely mimicked endogenous Pdp1 expression. A
4.4-kb restriction fragment was identified within the first
intron that directs midgut and fat body expression in the
embryo and larva (Fig. 1). This enhancer fragment drives
expression in the midgut of stage 11 and 12 embryos (Fig. 6)
and in later stage 14 and 16 embryos in the posterior midgut
(fourth lobe, Fig. 6), the Malpighian tubules, and the fat
body in a pattern that is similar to that of the endogenous
gene. This embryonic pattern of expression is maintained in
first- and third-instar larvae (not shown).
PDP1 protein is expressed in the segmented mesoderm of
stage 11 embryos (Fig. 4A). At this stage, the more dorsal
mesodermal cells are the precursor cells of the fat body and
the more ventral cells are the progenitors/founder cells of
the body wall muscles (Hoshizaki et al., 1994; Borkowski et
al., 1995). Since Pdp1 is expressed in the developing embry-
onic fat body and body wall muscles in later embryos, it is
important to determine whether Pdp1 is expressed in the
recursors to these tissues. Thus it is particularly signifi-
ant that the 4.4-kb enhancer drives expression in the
egmented dorsal mesoderm of stage 11 embryos (Fig. 6),
ince this enhancer expresses in the fat body and not the
ody wall muscles in older embryos. Thus, it can be
Copyright © 2000 by Academic Press. All rightoncluded that Pdp1 is expressed in the fat body precursor
ells and in the developing fat body as it differentiates.
A second fragment observed to have enhancer activity is
n 11-kb fragment located in the second intron (Fig. 1). This
nhancer fragment is expressed in the pharyngeal muscle
nd the body wall muscles in the developing embryo (Fig. 6)
nd larva (not shown). Expression in the body wall muscles
s particularly strong in a subset of ventral and dorsal
uscles with weaker and/or no detectable expression in
thers. In the midgut of embryos, the 11-kb enhancer shows
ery weak expression in the anterior midgut and strong
xpression in a region of the posterior midgut and the
indgut (Fig. 6). This embryonic pattern gives rise to
nhancer-driven expression in the gastric caeca, posterior
idgut, and hindgut of the first- and third-instar larva (not
hown). We have not detected enhancer activity in the
iddle midgut of embryos; however, endogenous Pdp1 is
xpressed in the basophilic cells of the middle midgut in the
mbryo (Fig. 4). These cells are the precursors to the larval
opper cells. Furthermore, the 11-kb enhancer expresses
trongly in the copper cells of the middle midgut in all
arval stages (not shown). These results suggest that a
eparate unidentified enhancer regulates expression in the
asophilic and copper cells of the middle midgut in the
mbryo.
As discussed above, Pdp1 is expressed in the precursor
ells of the fat body in stage 11 embryos. It can be seen in
ig. 6 that the 11-kb enhancer also drives expression in the
egmented mesoderm of stage 11 embryos. A close compari-
on shows, however, two or three small clusters of
esodermal cells in each hemisegment expressing
b-galactosidase driven by the 11-kb enhancer that are
slightly ventral to those expressed by the 4.4-kb enhancer.
The position of these cells corresponds to that of the muscle
progenitor/founder cells at this stage. Furthermore, since
the 11-kb enhancer expresses in the body wall muscles of
later embryos and does not express in the fat body, we
conclude that Pdp1 is expressed in muscle precursor cells
that will eventually fuse to form the body wall muscles in
later embryos.
DISCUSSION
The Pdp1 gene has four promoters and at least six Pdp1
lternately spliced transcripts, making it more complex
han the homologous vertebrate PAR genes analyzed thus
ar. We have not obtained any evidence from chromosomal
n situ hybridization, Southern blot, and PCR analyses or
NA sequence database searches that suggests there is
ore than a single Pdp1 gene. Thus the added complexity of
he Pdp1 gene may be a reflection of the fact that Pdp1 is
likely to be the only PAR domain gene in Drosophila.
However, unlike the vertebrate genes, the functional do-
mains of the protein are not encoded by separate exons nor
do the locations of the Drosophila introns correspond to
those in the vertebrate genes. However, due to intron
s of reproduction in any form reserved.
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411Drosophila Pdp1 Gene Structure, Expression, Regulationdeletion, insertion, and sliding over time, it is not unusual
for introns to vary in number, position, size, and sequence
among homologous genes within and between species (Tar-
rio et al., 1998; Traut, 1988). Despite these differences, the
DP1 protein is highly conserved compared to the verte-
rate proteins. For instance, there is 44–46% identity in the
AR domain of PDP1 with the other PAR family members.
DP1 also has 86–91% amino acid identity within the
2-amino-acid basic DNA binding and forked domains and
5–52% identity in the leucine zipper region with the
ertebrate PAR family members. The 21-amino-acid ex-
ended basic region has 81% identity with HLF. More
mportantly, the homology between Pdp1 and the verte-
brate genes extends to the putative 40-amino-acid transcrip-
tional activation domain that contains 69% identity with
HLF. This latter sequence is unique to the PAR domain
proteins and underscores their common ancestry.
Many genes encoding transcription factors such as Pdp1
are expressed at several times and in multiple tissues during
development. This has led to generally accepted notion that
transcriptional regulation of tissue-specific gene expression
is in part a consequence of unique combinatorial interac-
tions of ubiquitously expressed transcriptional factors act-
ing within and across germ layers. Thus it is particularly
interesting that our analysis of PDP1 regulation of TmI
muscle expression suggests that PDP1 may function as part
of a protein complex that synergizes with MEF2 and possi-
bly other proteins required for muscle enhancer function
(Lin and Storti, 1997; Lin et al., 1996). We have not yet
determined the identities of these other proteins in the
complex that regulates muscle expression; however, PDP1
might also regulate transcription by forming unique com-
binatorial interactions with other proteins in the other
tissues in which it is expressed. In this regard, the alternate
splicing of the Pdp1 gene to generate tissue-specific PDP1
isoforms adds an additional dimension to this complexity.
As in other genes encoding transcription factors in Dro-
sophila and other organisms (Lopez, 1995; Subramaniam et
al., 1994; Talbot et al., 1993; Dessain et al., 1992; Hsu et al.,
1992; Artero et al., 1992; Kornfeld et al., 1989), the different
PDP1 isoforms probably increase the functional diversifica-
tion of PDP1 that may dictate tissue-specific transcrip-
tional regulation in different tissues. In this way, the ability
of PDP1 to bind DNA, form dimers, and complex with
other proteins or interact with cofactors could be modu-
lated to fine-tune or vary PDP1 function to generate differ-
ent developmental strategies.
The fact that five of the six PDP1 isoforms differ at their
N-terminal ends and at least three of them are differentially
expressed supports the notion that the different PDP1
isoforms may differentially modulate transcription and the
development of the tissues in which they are expressed.
The HLF gene alternately splices to produce proteins with
different NH2-terminal sequences (Falvey et al., 1997). The
HLF43 isoform contains an additional 49 amino acids at its
NH2-terminal compared to the HLF36 isoform. Moreover,LF43 is a good activator of the C7aH gene promoter and a i
Copyright © 2000 by Academic Press. All rightoor activator of the albumin promoter while HLF36 has
he opposite activity (Falvey et al., 1997). Both proteins bind
dentical DNA sequences in vitro, suggesting that the
-terminal sequences may contain an additional activation
omain or may be altering protein–protein interactions
ith coactivators or other components of the transcrip-
ional machinery. The TEF/VBP genes also alternately
plice to produce proteins that differ at their NH-terminals
Xu et al., 1998; Burch and Davis, 1994). Similar to the
LF36 and 43 isoforms, we have not detected any differ-
nces in the ability of PDP1-a and PDP1-g to bind DNA,
uggesting that the different NH2-terminal substitutions for
hese isoforms are more likely to be sites of modification
nd/or interactions with cellular cofactors that modulate
ther aspects of PDP1 function. In this regard, the PDP1-«
H2-terminal asparagine/glutamine-rich domain could
unction as an additional transcriptional activation or regu-
atory domain required for regulation of specific genes in
he nervous system where it is uniquely expressed. It has
een shown that the NH2-terminal of one of the Drosophila
ecdysone receptor isoforms functions as an additional tran-
scriptional activation domain (Talbot et al., 1993). Simi-
larly, the Pdp1-g mRNA may have unique properties in
egulating fat body genes and one or more of the Pdp1-a, -b,
r -d mRNAs may be unique in regulating somatic muscle
enes. The Pdp1-g RNA has an expression pattern in the
midgut of stage 11–13 embryos that closely resembles that
of the Pdp1-a/b/d exon 2 probe. There appear to be subtle
differences, however, in later stage embryos in the distribu-
tion of the mRNAs detected by the two antisense probes as
the midgut begins to differentiate. For instance, the Pdp1-
a/b/d probe detects more uniform expression in the anterior
nd posterior midgut, whereas the Pdp1-g probe is ex-
ressed in the middle midgut. We do not know which of the
a, b, or d mRNAs are expressed in these tissues; however,
e can speculate that in some tissues, PDP1-g may form
heterodimers with one or more of the a, b, or d proteins and
hereby regulate specific subsets of genes required for de-
elopment of these tissues. In other tissues, such as the fat
ody and middle midgut, however, PDP1-g may function as
a homodimer to regulate transcription.
Pdp1-g expression is not detected in the developing body
all muscles and is observed at barely detectable levels in
he pharyngeal muscle. One or more of the Pdp1-a, -b, and
d mRNAs, on the other hand, are expressed in both of these
uscles, suggesting that regulation of Pdp1 target genes in
he somatic muscles is different than in the fat body.
ndeed, this difference in expression is reflected in the
ifferent expression patterns observed for the first- and
econd-intron enhancers. Both enhancers drive expression
n the gut; however, only the first-intron enhancer drives
xpression in the fat body and only the second-intron
nhancer drives expression in the somatic muscles. Each of
hese enhancers is located in the intron immediately fol-
owing the exon that parallels its expression pattern. Thus
t is tempting to speculate that the first-intron enhancer is
s of reproduction in any form reserved.
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412 Reddy et al.responsible for regulation of the exon 1 promoter and the
second-intron enhancer regulates the exon 2 promoter.
The PDP1-d isoform is produced by deleting a portion of
the PAR domain and the extended basic region of the
protein. The functions of these two domains in the verte-
brate PAR proteins have not been extensively studied;
however, mutations in each of these domains do not appear
to affect the ability of these mutated proteins to bind DNA
but rather alter target-site specificity. Accordingly, we were
somewhat surprised to find that the removal of these amino
acids in PDP1-d reduces or eliminates its ability to bind
NA, especially since the basic DNA binding and dimer-
zation domains are intact. One possible explanation is that
he deleted amino acids cause a conformational change in
he protein that affects its ability to bind DNA and/or form
imers. Moreover, these heterodimers are incapable of
ctivating transcription in vivo. These results support the
otion that PDP-d can function as a dominant negative
inhibitor of transcription in vivo. Thus PDP1-d may be
similar to the vertebrate Id family of proteins which lack
the basic DNA binding domain and form inactive het-
erodimers with the myogenic factor MyoD and other bHLH
proteins (Benezra et al., 1990; Kreider et al., 1992; Jen et al.,
1992; Sun et al., 1991). Id/MyoD heterodimers do not bind
NA and are inactive in regulating muscle genes and the
yogenic program. In this respect, the PAR and/or ex-
ended basic region of PDP1 may be required for stable
alf-site recognition and binding, as is the Id basic domain.
nlike the Id proteins which are coded for by separate
enes, PDP-d is the first example in muscle of a dominant
negative inhibitor that is a product of the same gene.
Pdp1 and its vertebrate homologues are expressed in
many of the major organs of the developing embryo. The
TEF gene, for instance, is expressed throughout embryogen-
esis and at high levels in adult muscles, liver, and intestine
in zebrafish and the developing pituitary and several adult
tissues in mouse (Fonjallaz et al., 1996; Drolet et al., 1991;
Xu et al., 1998). The chicken VBP gene is expressed as early
as day 10 in developing liver and in other embryonic tissues
as well (Iyer et al., 1991). DBP and HLF expression during
embryogenesis has not been reported; however, both are
expressed in the nervous system and several adult tissues
and as is true of all PAR proteins they are expressed at
particularly high levels in the liver and other endodermally
derived organs (Falvey et al., 1997; Fonjallaz et al., 1996).
PAR protein expression in the endoderm and its derivatives
is particularly interesting, since Pdp1 expression is most
striking in the developing endoderm and midgut where it is
initially expressed uniformly throughout the midgut by
stage 12 but then quickly becomes restricted to subsets of
cells within the different midgut compartments. This is
most striking in the expression of Pdp1 in the developing
gastric caeca and the copper cells of the second midgut
constriction. This complex pattern of expression suggests
that Pdp1 is likely to be a major determinant of the
differentiation of these tissues and that its regulation is
likely to be under complex positive and negative control.
Copyright © 2000 by Academic Press. All rightAn important signaling pathway involved in positively and
negatively regulating genes required for midgut patterning
and differentiation is through DPP and WG signaling from
the overlying mesoderm to the endoderm (Bienz, 1994;
Tremml and Bienz, 1989). It will be important to determine
if Pdp1 is a member of either of these or another signaling
pathway that regulates endoderm development.
Pdp1 expression in the developing fat body and body wall
muscles raises the question as to whether the role of Pdp1
in these tissues is limited solely to the terminal differen-
tiation of these tissues as exemplified by Pdp1 regulation of
TmI. In this respect, it is highly significant that PDP1 is
detected in the somatic mesoderm of stage 11 embryos and
that 4.4- and 11-kb enhancers drive expression in the fat
body precursors and muscle precursors, respectively, and/or
founder cells of each of these tissues in stage 11 embryos.
This suggests that Pdp1 is likely to have a more fundamen-
tal role in the early determination, patterning, or differen-
tiation of the somatic muscles and the fat body. Answers to
these questions should be forthcoming when mutations in
the Pdp1 gene become available. In this respect, it will be
important to determine the relationship between Pdp1 and
genes such as lethal of scute and numb that are required for
ormation of muscle progenitor cells and muscle identity
enes required for the maintenance and differentiation of
ounder muscle cells (Carmena et al., 1995; Rushton et al.,
1995).
Finally, it has been reported that TEF and DBP expression
is under circadian control regulated by the vertebrate clock
gene (Fonjallaz et al., 1996). In this respect, it may be
ignificant that our molecular/genetic map of the Pdp1 gene
o the 66A14–15 chromosomal region places it within
pproximately 50 kb of the Drosophila clock gene (Allada et
l., 1998). We have not examined Pdp1 expression for a
circadian pattern of expression; however, it is tempting to
speculate that Pdp1 may also be under circadian control
regulated by the clock gene. If so, this would provide an
additional basis for the notion that Drosophila and verte-
brate PAR genes are evolutionarily conserved homologues.
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